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a b s t r a c t   
The stability and balance of forest ecosystems have been seriously affected by climate 
change. Herein, we use dendrochronological methods to investigate the radial growth and 
climate response of pioneer tree species in the southern margin of cold temperate coniferous 
forest based on Populus davidiana growing on the Greater Hinggan Mountains in north-
eastern China. Correlations of P. davidiana growth with temperature and precipitation in a 
year (October–September) were rhythmically opposed: while temperatures in previous 
October–June (winter and spring) and in May–September (growing season) respectively 
inhibited and promoted radial growth on P. davidiana (p  <  0.01), precipitation in the same 
periods respectively promoted and inhibited of growth (p  <  0.01). High temperature or less 
rain/snow in winter and early spring, and low temperature or excess rainfall in summer, are 
inconducive to P. davidiana growth and vice versa (p  <  0.01). In addition, in March–April, 
when air temperature was above 0 °C and ground temperature below 0 °C, physiological 
drought caused significant growth inhibition in P. davidiana (p  <  0.05). In general, tem-
peratures play a driving and controlling role in the synergistic effect of temperature and 
precipitation on P. davidiana growth. Under current conditions of available water supply, 
changes of temperature, especially warming, are beneficial to the growth of P. davidiana in 
the study area. The current climate conditions promote the growth of P. davidiana, the pio-
neer species, compared with the growth inhibition of Larix gmelinii, the dominant species. 
Thus, the structure and function of boreal forest might be changed under global warming by 
irreversible alterations in the growth and composition of coniferous and broadleaf tree 
species in the forest. 
© 2021 The Authors. Published by Elsevier B.V. 
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https://doi.org/10.1016/j.gecco.2021.e01549 
2351-9894/© 2021 The Authors. Published by Elsevier B.V. 
CC_BY_NC_ND_4.0  
]]]] ]]]]]] 
⁎ Corresponding author at: Tree-Ring Laboratory/Research Station of Liaohe-River Plain Forest Ecosystem CFERN, College of Forestry, Shenyang Agricultural 
University, Shenyang 110866, China. 
E-mail address: chenzhenju@syau.edu.cn (Z. Chen). 
Global Ecology and Conservation 27 (2021) e01549 
1. Introduction 
In a relatively stable climate system, the development of a forest ecosystem must include the stage in which the pioneer tree 
species spreads and thrives before it becomes a climax community. At each stage of the process, the different species in a forest 
play a unique and critical role in the process of interaction (Smith et al., 2009; Götzenberger et al., 2012). Environmental factors, 
especially the fluctuation of climate variables, have an important regulating effect on forest development and succession 
(Guetter and Kutzbach, 1990; Serreze et al., 2000); therefore, normal community evolution may be a ecophysiological processes, 
disturbed or blocked by climate change, which may cause the tree growth to be promoted or restricted, leading to the redis-
tribution of growth in response to climate, and, individual growth, population distribution and structure may undergo complex 
and profound changes (Wolfgang et al., 2001; Root et al., 2003; Elliott et al., 2015). As one of the most important parts of 
terrestrial ecosystem, boreal temperature forests have unique species components that were clear and detectable, as compared 
with the complex tropical and subtropical forest ecosystems (Jiang and Sheng, 2001; Kujansuu et al., 2007). The boreal forest 
ecosystem composition, especially the fundamental tree species, has varied greatly under regional and global climate change, 
especially in the cold temperate zone. 
It is known that current climate change is profoundly affecting the development and balance of forest ecosystems; for example, 
the structure and distribution of forests have been affected by climate warming (Parmesan and Yohe, 2003; Allen et al., 2010; Lu 
et al., 2018). More seriously, the increase of global mean temperature caused by human activities by the middle/end of this century 
will exceed 3 °C (IPCC, 2014). A changing climate not only means rising temperatures globally, but also increases in the intensity, 
frequency and duration of the minimum and maximum temperature extremes (Sillmann et al., 2013; Seneviratne et al., 2014; Sun 
et al., 2014; Zhou et al., 2016; Li et al., 2017). The reduction of snow cover in winter and the early spring may lead to physiological 
drought of trees, which is one of the most direct threats to the boreal forest caused by climate warming. (Allen et al., 2015; Gauthier 
et al., 2015); for example, the growth and distribution of Larix. gmelinii, a dominant tree species at high latitudes, are undergoing 
significant changes in China (Jiang et al., 2016; Zhang et al., 2019; Bai et al., 2019). There is an important scientific issue to 
understanding whether other tree species in the forest have similar or different climate responses. And, the study of the 
growth–climate response and the regulation of companion/pioneer tree species, are the keys to predicting the development and 
succession of the entire (north) temperate forest which is represented by P. davidiana, B. platyphylla and L. gmelinii, under the 
background of climate change (Huang et al., 2010; Rousk and Michelsen, 2017; Fu et al., 2018). 
P. davidiana is the dominant tree species in the natural forest, widely distributed in eastern and northern Asia (Abaimov et al., 
2010; Rogers et al., 2020). Populus spp. forest covers 8.2549 million hectares, accounting for 3.7% of the national forest area in China, 
with P. davidiana forest covering 932,300 ha, accounting for 0.4% of national forest, with about 2% of young and middle-aged trees 
(China National Forestry and Grassland Administration, 2019). P. davidiana is an important species for afforestation and restoration in 
China, due to its fast growth, strong self-renewal and high adaptability to various environments. P. davidiana, its cultivars and related 
Populus spp. varieties have been widely used in plantation construction to solve the problems of resources and environment that are 
troubling the survival and development of humans. P. davidiana is also one of the main tree species used for returning farmland to 
forest in north China (Hou et al., 2004; Wu, 1999). Extensive studies on P. davidiana have already been launched thanks to its 
characteristics as a model tree species for research; many current studies on P. davidiana have been conducted in the microscale field, 
such as molecular and genetic research, and focusing on the roles of water consumption, soil water use, carbon sink, soil erosion, etc. 
(Shen et al., 2016; Hou et al., 2018; Shu, 2019; Kim et al., 2018). Related macroscale studies in traditional physiological and ecological 
fields (Li et al., 2019), tree-growth variations under the background of global warming, should be explored to understand the climatic 
anomaly effects (promoting or inhibiting) on P. davidiana communities. The documented data show that climate warming is con-
ducive to the rapid regrowth of P. davidiana, promoting its growth and regeneration, compared with conifers (Zhao et al., 2018). But 
some studies found that healthy stands were rarely observed in the most drought prone locations, especially the occurrence of 
drought, may provide the main factors affecting the long-term decline of aspen coverage (Rogers et al., 2010). Similarly, some studies 
demonstrated that the inhibition of P. davidiana growth, particularly dieback, was significantly associated with the variation of climate 
trends in the Russian (Usoltsev, 2003; 2018). Thus, the growing trend of P. davidiana is in the future likely to depend on a combination 
of climate change effects such as temperature, precipitation directly and indirectly (Worrall et al., 2013; Yang et al., 2015). P. davidiana, 
as a specific pioneer/companion species and the third tree species in quantity in Greater Hinggan Mountains, its growth, evolution 
and indication of environment and forest ecosystem dynamics will play an important role in buffering the biome regimes of Greater 
Hinggan Mountains from extreme environmental changes in the future. It is therefore urgent to understand the variations in P. 
davidiana growth–climate response and its adaptation to the impact of long-term climate change, especially extreme drought. 
To understand growth regulation and the characteristics of the growth–climate response of pioneer and accompanying tree 
species, we will explore the potential variations of P. davidiana using dendrochronological methods. We aim to provide reliable 
references on the cultivation and management of specific forest ecosystems and specific tree species under the background of 
rapid global warming. 
2. Materials and methods 
2.1. Study area 
The study area (50°N, 121°31'E) is located in the middle highlands of the main ranges of the Greater Hinggan Mountains, 
with elevation of ca. 980 m and mountainous terrain (Fig. 1A). The main body of soil in this region is brown coniferous forest 
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soil, with small amounts of gray forest soil, marsh soil and meadow soil. And there were no obvious signs of natural disturbance 
such as fire, insect disaster and recent logging activities in the study area. The dominant tree species is L. gmelinii, accounting for 
48% of the forest in the study area. P. davidiana, the pioneer and accompanying species, is third in quantity, behind B. platyphylla. 
The region is dominated by the cold temperate continental monsoon climate. The annual mean temperature is around −7 °C 
to −4 °C, with the coldest month in January (mean temperature about −29 °C) and the hottest month in July (mean temperature 
about 17 °C), according to the meteorological records of Tulihe station (1957–2018). There are seven months (previous October 
to April) with average temperatures below 0 °C. Annual precipitation is 330–550 mm, concentrated in June–September. These 
months account for about 80% of the total annual precipitation; the annual monthly maximum precipitation occurs in July, 
accounting for 26.85%. 
2.2. Tree-ring sampling and chronology development 
We set up four 50 m × 50 m temporary plots in Kuduer, the study area, in order to obtain P. davidiana samples in typical 
forest, i.e. highly representative of the regional forest; the B. platyphylla is mixed in the forest within the plots. One southern 
plot and one northern plot was established on both Ailin southern mountain (49°57′N, 121°31′E) and Yangbizigou mountain 
(50°03′N，121°41′E). We recorded the growth parameters and habitat location (latitude, longitude, altitude, etc.) of each tree 
(including young trees/dead trees) in the sample plots. According to the international tree-ring database sampling standards 
(International Tree-Ring Data Bank, ITRDB), we selected mature and upright trees of P. davidiana individuals (diameter at breast 
height > 15 cm) without insect pests and fire scars as sample trees, and drilled two cores at breast height (ca. 1.3 m above ground 
level) from perpendicular directions on each tree. The cores extracted from the trees were placed in prefabricated plastic tubes 
and taken to the laboratory for subsequent processing after they had been coded and the main information of sites, trees and 
cores had been recorded. The cores were removed from the plastic tubes and fixed in a special wooden trough with white latex 
to air-dry them for three to five days. After fully drying and shaping, the tree cores were polished using different meshed 
sandpapers until the tree rings could be clearly identified under a stereo microscope. The polished tree cores were placed under 
the stereo microscope for cross-dating (Fritts, 1976) to determine the exact year of each ring. We measured the ring width to an 
accuracy of 0.01 mm using the LINTAB 5 ring-width measurement system (Rinntech Heidelberg, Germany). The measured tree- 
ring width data from the four sample sites were respectively checked and quality controlled by the COFFCHA program (Holmes, 
1983). In order to study the common characteristics of P. davidiana radial growth and its growth–climate response under 
different site conditions in this region, we combined all the tree-ring samples (width data) from the four sites into one group, 
and developed a regional P. davidiana tree-ring width chronology using the data of 107 P. davidiana trees (211 tree cores). 
We used the Arstan program (Cook and Holmes, 1986) to detrend and standardize the measured ring-ring width sequence; 
we used the negative exponential function or linear function for trend-fitting each sequence, so as to eliminate the influence 
caused by genetic or non-climatic factors, and to retain as much climate information as possible. For core sequences with large 
detrending differences that could not be passed, we used a spline function with steps above two-thirds of the sequence length 
for re-detrending fitting to ensure that more low-frequency signals were retained in the detrending sequence. 
Fig. 1. Sampling sites and the study area (A); annual temperature and precipitation with trends during 1957–2018 (B); and monthly precipitation and tem-
peratures (C). The solid black curves show regional contours and the red stars show the sampling sites. P, Tmean, Tmin and Tmax are precipitation, and average, 
minimum and maximum temperatures, respectively. 
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Additionally, we adapted the double-weighted average method to extract the common signals of the tree-ring sequences, 
avoiding the influence of heteroscedasticity on the measured tree-ring width sequence and reducing the bias caused by 
anomalous growth. Finally, we developed five standardized chronologies (STD) in total, including one regional standardized 
chronology (KDS) and four plot standardized chronologies (KDS1–4) (r = 0.78/0.58/0.78, p  <  0.001). 
Since our aim is to study the regional growth characteristics of P. davidiana and its growth–climate responses, the following 
discussion in this paper is based mainly on KDS, the regional chronology (Fig. 2, Table 1). For the statistical parameters of the 
STD chronologies, mean sensitivity (MS) represents the difference between adjacent tree rings, first-order autocorrelation (AC1) 
reflects the impact of the previous year on subsequent growth and the mean expressed population signal (EPS) indicates the 
chronology signal expressed as a fraction of the total chronology variance (Wigley et al., 1984). 
2.3. Climate data and data analysis 
In this study, we used climate data from the Tulihe meteorological station (50°29′N, 121°41′E; altitude: 732.6 m), the nearest 
station to the sampling sites, obtained from the China Meteorological Data Service Center (http://data.cma.cn), including: 
monthly temperatures (maximum/minimum/average) and precipitation. The regional Palmer Drought Severity Index (PDSI) 
(50–51°'N, 121–122°'E), a soil moisture index based on temperature and precipitation (Dai et al. 2004) with a resolution of 
0.5° × 0.5° from 1901 to 2014, was downloaded from KNMI Climate Explorer (http://www.knmi.nl). We also used our monitored 
daily air temperature and ground temperature data from the study area in 2015–2019 (OnsetHOBO®U23–001, temperature and 
humidity recorder with accuracy of 0.001 °C and depth of about 10 cm). 
The common period of the tree-ring width time series of the STD chronologies and meteorological records is 1957–2018. To 
determine the dominant climatic factors for tree growth in the study area, we used the Pearson correlation test method to 
calculate the correlation coefficients between the chronologies and monthly climate variables, and used principal component 
analysis to analyze the similarities and differences between tree growth and the climatic factors during the common period. In 
addition, we analyzed the first-order difference of climate variables and the chronologies to eliminate the influence of strong 
autocorrelation (low-frequency signals). 
According to the regional climate characteristics (Fig. 1C), we defined the periods previous October–current September, 
previous November–February, March–April and May–September, respectively, as the growing year, winter (WS), the early 
Fig. 2. Standard chronology (STD) of P. davidiana tree-ring width, expressed population signal (EPS) and sample depth; KDS is the regional STD and KDS1–4 is 
the STD for the four sites. 
Table 1 
Standard chronology statistics for the region (KDS) and the four sample sites (KDS1–4).        
Statistical characteristic (STD) KDS KDS1 KDS2 KDS3 KDS4  
Elevation (m) 908 908 886 906 941 
Cores/trees 211/107 59/30 63/32 36/18 53/27 
Series intercorrelation 0.604 0.663 0.696 0.795 0.726 
Within/between-trees rbar 0.718/0.400 0.881/0.645 0.796/0.582 0.913/0.809 0.837/0.643 
Mean sensitivity 0.213 0.212 0.254 0.264 0.289 
Standard deviation 0.323 0.247 0.367 0.319 0.328 
Signal-to-noise ratio 59.383 55.861 57.906 50.739 37.357 
Common interval 1952–2018 1952–2018 1951–2018 1973–2018 1953–2018 
First order autoregressive coefficient (AC1） 0.689 0.776 0.717 0.471 0.490 
Variance in first eigenvector (PC1) % 50.0% 71.1% 61.5% 80.1% 65.5% 
Subsample signal strength (trees） 0.858 (6） 0.886 (3） 0.867 (4） 0.896 (2） 0.858 (3） 
Expressed population signal（ > 0.85） 0.983 (1953) 0.982 (1953） 0.983 (1953） 0.981 (1973） 0.974 (1953）    
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growing season (EG) and the growing season (CG) for P. davidiana in the study area. We used the IMBSPPS20 and dplR (Bunn 
et al., 2020), Stats19 (Lovelace et al., 2019), FactoMineR (Lê et al., 2008), factoextra (Kassambara and Mundt, 2020) and ggplot 2 
(Wickham, 2016) packages in R software (R Development Core Team, 2017) to statistically analyze and plot. 
3. Results 
3.1. Relationship between Populus davidiana tree-ring growth and the main climatic factors 
Correlation differences between P. davidiana growth and climatic factors occurred mainly in two periods: the early growing 
season with little precipitation and the growing season with rain and heat during the same period. The growth had significantly 
negative correlations with the mean and maximum temperatures in March (p  <  0.05), significantly positive correlation with the 
minimum temperatures in April (p  <  0.05) and significantly positive correlation with the minimum temperatures in June 
(p  <  0.01). In particular, monthly averaged temperatures and maximum temperatures both had promoting effects on the 
growth from May to September (Fig. 3B). 
It can also be seen that P. davidiana growth had significantly positive correlations with the monthly averaged maximum 
temperatures in August (p  <  0.05); significantly positive correlations with the mean temperatures in CG (p  <  0.05); and ex-
tremely significant positive correlations with the maximum temperatures in CG (p  <  0.01). The difference in correlations be-
tween the monthly and seasonal climate effects on the growth indicates the greater impact of temperatures over a combination 
of months rather than during single ones. 
P. davidiana growth had positive correlations with precipitation and PDSI during each month from previous October to June. 
The positive correlations with precipitation reached significant levels in February and June (p  <  0.05), while correlations with 
monthly PDSI reached significant levels from previous December to May (p  <  0.05). On the other hand, monthly precipitation 
had inhibiting effects on P. davidiana growth from July to September, as well as the precipitation in CG and PDSI in August and 
September (p = 0.11), and the negative correlations with the precipitation reached a significant level in July (p  <  0.05). 
The influence of precipitation on P. davidiana growth over a combination of months (Fig. 4) showed an extremely significant 
upward trend with the increase of precipitation from previous October to June, (R2 = 0.11, p  <  0.01). On the other hand, P. 
davidiana growth decreased extremely significantly with the increasing of precipitation from July to September (R2 
= 0.12, p  <  0.01). 
Principal component analysis of the correlation coefficients between P. davidiana growth and the main climatic factors 
shows that the first principal component (PC1), the second principal component (PC2), and the third principal component 
(PC3). PC1 and PC2 respectively accounted for 59.9%, 22.4% of the total variance, and they respectively reflect the synergistic 
effect of temperature and precipitation in different periods. In particularly, PC1 indicated two specific growth–climate response 
patterns in the early growing season (inhibition) and the current growing season (promotion), respectively (Fig. 5B): PC1 
loadings of previous November–June were opposite to those of July–September. The variance interpretation and contribution of 
PC1 in previous November, February and March showed negative direction to the growth, and in August, September and CG 
positive direction to the growth. For PC2, the positive direction occurred in October and May, and the negative direction in June. 
3.2. The variances of air and ground temperatures in the study area 
The increase of average maximum air temperature in winter and the early growing season in the Greater Hinggan Mountains 
has been particularly significant in recent years (Fig. S1); specifically, the average maximum air temperature in winter (No-
vember–February) has increased by 0.429 °C per decade (p  <  0.01), and the average maximum air temperature in the early 
growing season (March–April) has increased by 0.627 °C per decade (p  <  0.01). According to our records from the past four 
years (2015–2019), the variations of air and ground temperatures in early spring (February–May) are all extremely significant 
(Fig. 6). The start date of maximum air temperature reaching or exceeding 0 °C seems to advance each year, from mid-April in 
2016 to mid-February in 2019. However, the date of the ground temperature reaching or exceeding 0 °C has not changed 
significantly. In addition, the duration of air temperature and ground temperature in opposite phase around 0 °C has increased 
year by year, from 50 days in 2016–87 days in 2019 (Fig. 6). The variance of the maximum air temperature has tended to 
increase (7.352016/ 10.092017/ 13.552018/ 10.552019 °C), with the year 2018 recording the maximum variance of the four years 
(Table S1). In general, the maximum ground temperature changed slowly compared with the maximum air temperature, and 
the maximum air temperature started to exceed 0 °C in mid-March, while the maximum ground temperature reached 0 °C in 
mid-May (Fig. 6E). 
4. Discussion 
4.1. Coexistence of the inhibiting and promoting effects of temperature 
The pioneer species P. davidiana clearly reflects the changes in environment from dry, wet, cold and warm, not only in single 
tree growth but also in forest regeneration (Pederson et al., 2013; Gradel, 2016; Rogers et al., 2020). In the permafrost northern 
high-latitude region, temperature is the main climate factor that limits tree growth (Hartl-Meier et al., 2014; Suvanto et al., 
2016; Palareti et al., 2016). Temperature has significantly affected P. davidiana growth in this region, and its influences showed 
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clear differentiations especially in opposing patterns—e.g., growth inhibition in early spring and growth promotion in the 
growing season (Fig. 3B; Fig. 5). Temperature inhibited P. davidiana growth during November–March, with this inhibition 
becoming significant in March (p  <  0.05). However, during May to September (the growing season) the temperature had an 
overwhelming effect of promoting the growth (p  <  0.01). 
In winter and the early growing season, when hardwood trees are leafless or have a low photosynthetic rate, higher tem-
peratures can cause stored carbohydrates to be consumed (Fonti and García-González 2004, Gea-Izquierdo et al., 2012), leading 
to negative correlation between temperature and growth (Fig. 3B). For example, in the study area, March–May is the critical 
period for the onset of cambium activity in the early growth season. The increased temperatures gradually become a limiting 
factor, and show positive effects on both breaking winter dormancy (Jyske et al., 2014; Linares and Tíscar, 2011; Prislan et al., 
2013) and thawing the frozen tree body and the ground to promote tree growth at this time (Bai et al., 2019). The rising 
environmental temperatures have meant that, especially in recent years, extreme high temperatures have frequently occurred, 
as well as a very common phenomenon of air temperature above 0 °C versus ground temperature below 0 °C (Fig. 3B). On the 
Fig. 3. Correlations between the STD of P. davidiana tree-ring widths and the main monthly climate variables (average/maximum/minimum temperatures, 
precipitation and PDSI) in the study area (A). (B) and (C) indicate correlations between the first-order difference index of STD and climate variables. CG 
represents the current growing season from May to September. The dotted black curve represents the confidence level of p  <  0.05 and the solid curve represents 
p  <  0.01. The common period is 1958–2018. 
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other hand, our daily temperature records show that the maximum air temperatures change more obviously with an accel-
erating rate than the maximum ground temperatures during this opposite phase of air and ground temperatures, and the 
subsequent stage of both exceeding 0 °C leads to the early melting of accumulated snow in winter and early spring (Barnett 
Fig. 4. Correlations between the first-order difference variables of STD of P. davidiana tree-ring widths and seasonal precipitation during (A) October–June and 
(B) July–September. The common period is 1957–2018. The gray shaded zones are the 95% confidence interval of the linear regression model. 
Fig. 5. The principal component loading (A) and contribution (B) of P. davidiana tree-ring width STD and the main climate variables in the study area.  
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et al., 2005; Swidrak et al., 2013; Balducci et al., 2013). Low evaporation of the melting snow could cause a quick increase in soil 
water, leading to the loss of available water by runoff in early spring and reducing the supply of available water in the soil during 
the growing period or later, thus affecting treeHou growth (Baltzer et al., 2014; Kolář et al., 2017; Kueppers et al., 2017; Zhang 
et al., 2018). Moreover, the increase/advance of the period of maximum air temperature and maximum ground temperature 
(below vs. above 0 °C) under a (global) warming climate indicate further growth inhibition in early spring in the future (Fig. 6). 
However, the temperatures in the growing season, the critical growing period of trees, play a vital role in promoting tree 
growth (p  <  0.01; Fig. 3B). This has also been found in the study of other high-latitude regions, where rainfall is very scarce 
(Sano et al., 2005; Liang et al., 2019; Chang et al., 2017; Zhang et al., 2019). Trees reach their most vigorous stage of annual 
growth and development gradually under climate conditions of simultaneous heat and moisture, with rising temperatures 
conducive to their growth in the northern high latitudes (Wang et al., 2016; Sano et al., 2009; Goodine et al., 2008); for instance, 
there have been findings that the minimum temperature increase in May–June increases photosynthetic rates and accelerates 
the growth of P. davidiana. Our study also proves that a moderate increase in minimum temperatures is beneficial to the growth 
in warm summer (Fig. 3B). 
4.2. The environmental mechanism of reversed-phase water influence 
Water shortage has been regarded as an important driving factor for the risk of drought and even the general increase of tree 
mortality (Adams et al., 2009; Allen et al., 2010; Restaino et al., 2016; Van Mantgem et al., 2009). Correlations between the 
Fig. 6. Comparison of air and ground temperatures in the study area from February to May (A–D: 2016–2019). E shows the average four-year (2015–2019) 
measured data from October to September. Blue (AirMin), orange (AirMean) and red (AirMax) curves respectively show the minimum, mean and maximum 
daily temperatures, and green (GroundMax) is the maximum daily ground temperature. The boxed curves within the figure show the opposite phases of the air 
and ground daily maximum temperatures. 
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growth and precipitation increase with increasing temperature. In this study, the influence of precipitation on P. davidiana 
growth shows an obviously reversed phase compared with that of temperatures at the same time (Fig. 3 B). This opposition is 
related to the specific characteristics of the tree species, the particular permafrost environment and the annual changes of 
regional climate factors in the study area. 
It is known that winter precipitation/snow has a strong promoting effect on the moisture content of upper layer soil and the 
coverage of snow in spring (Zhang et al., 2008; Qin et al., 2016; Zhang et al., 2018). Thus, winter precipitation not only provides 
sufficient moisture to the trees’ growing environment in early spring but also insulates heat exchange between the soil and the 
above cold air, warming the root system for the plants in winter (Dinis et al., 2016; Gradel et al., 2017). That is also the main 
reason why precipitation and PDSI both have extremely significant positive correlation with P. davidiana growth in Octo-
ber–June in this study (p  <  0.01; Fig. 4A). 
However, precipitation had a significant inhibiting influence on the growth of P. davidiana in July–September, the season 
with the maximum rainfall (p  <  0.01; Fig. 4B). P. davidiana favor a well-drained soil, and excess precipitation can worsen soil 
permeability in permafrost regions, inhibiting the growth. The excess rainfall will lead to low temperatures and low incident 
solar radiation, and the latter can reduce the absorption and conversion efficiency of solar radiation, leading to a decrease in 
carbohydrate for cell walls (Vieira et al., 2015). Excessive water accumulation will affect the normal water absorption from the 
roots, damaging the trees (Eamus et al., 2013; Zhang et al., 2018). 
4.3. Biogeographic adaptation of tree species under a warming background 
P. davidiana and L. gmelinii respectively is the pioneers and dominant species in the region and, as part of the southern 
margin of the world's boreal temperate forests, are highly sensitive to temperature variations (Zhang et al., 2016). In contrast to 
the results of the growth–climate response of Dahurian larch (L. gmelinii) in the same area (Fig. S2) (Zhang et al., 2010; Chang 
et al., 2017), P. davidiana in general favors the study area’s climate conditions, as shown by its response to rainfall and snow in 
winter and spring, and the temperature-driven synergy of temperature–precipitation on trees in the critical period of the 
growing season (May–September) (Fig. 3B). The variation of precipitation has been even in the past but is uncertain especially 
with the frequency of extreme temperatures in the future in the study area (Wu et al., 2017), where the dominant tree species, L. 
gmelinii, has the tendency of moving to high latitudes (or high altitudes) under the background of current conditions of water 
supply with increasing temperature (Bu et al., 2008; Leng et al., 2008a, 2008b; Bai et al., 2019). Larch growth decline suggests a 
decrease of L. gmelinii distribution and a fragmentation of L. gmelinii habitat (Harper et al., 2005; Zhang et al.，2010; Chang 
et al., 2017; Bai et al., 2019). Some previous studies showed that P. davidiana is often replaced by shade-tolerant conifers, whose 
invasion usually stops P. davidiana growth (Kneeshaw and Bergeron, 2009; Kurzel et al., 2007; Strand et al., 2009), but our data 
show different results—that is, P. davidiana has a better growth tendency with the temperature increase as a companion/pioneer 
species in larch forest, indicating some internal changes of regional (larch) forest under the background of climate warming. 
Increased temperatures have accelerated the permafrost thawing at high latitudes, and coniferous trees such as larch and black 
spruce (Picea mariana) that were growing in this region have recently declined (Sniderhan and Baltzer, 2016). P. davidiana has a 
strong ability to rapidly regenerate as well as high drought resistance compared with other species (Mitton and Grant, 2009; 
Romme et al., 2005; Bretfeld et al., 2015), and the ability of regeneration and adaptation to drought-resistance for P. davidiana 
can be activated and enhanced under climate warming (Zhao et al., 2018). However, the conifers have lower regeneration ability 
than pioneer tree species, and decline under the same climate conditions, leading to a tendency of the species being replaced by 
others in the forest (Cai et al., 2012). 
In addition, 0–5 °C is usually considered to be the effective temperature for trees starting to germinate (Piao et al., 2007). In 
this study, the daily series of 0–5 °C averages is advancing by 1.9 days per decade (p  <  0.01; Fig. S3), indicating an advancing 
critical temperature, which is more than expected, for tree growth in the study area. The observed trend, quantified by an 
increase of the active growing season in the temperate northern high latitudes, underlines a similar tendency: the early arrival 
of the growing season and the lengthening of the growing season, especially the early start of spring, promotes tree growth and 
advances the growing season gradually (Stöckli and Vidale, 2004; Liu et al., 2018). Once again, the data shows that the larch- 
dominated coniferous forest ecosystem is facing the overwhelming impacts of climate change in the study area, and is finding it 
hard to adapt to the warming-induced temperature increases and difficult to co-exist with drought-resisting positive (pioneer) 
species such as P. davidiana. 
These results provide an important reference for further study on the succession process of ecosystems at high latitudes and 
in cold regions. Although our study is based on a single species in a single region, our results provide important insights into the 
persistence and variability of a typical forest succession and dynamics in a specific region, such as northernmost China, and may 
also provide insights into similar threats faced by forests around the world, particularly in cold temperate ecosystems. 
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